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1. INTRODUCTION {#ece33584-sec-0001}
===============

Forest ecosystem plays an important role in maintaining water and controlling soil erosion worldwide. The survival of forest ecosystem is severely challenged under scenarios such as global surface air temperature increase and precipitation reduction in northern China (Shi et al., [2014](#ece33584-bib-0039){ref-type="ref"}), which would greatly affect vegetation composition and plant water use. Currently, climate‐induced forest degradation has already become a global occurrence (Allen et al., [2010](#ece33584-bib-0001){ref-type="ref"}). Given the important role of water yield and anti‐erosion of forests, especially in drought‐prone mountainous areas, study of their survival strategies under such circumstances constitutes a vital issue for guaranteeing a safe ecological environment for human society in the future.

Pines and oaks are widely distributed globally and tend to co‐occur in water‐limited systems (Nowacki & Abrams, [2008](#ece33584-bib-0030){ref-type="ref"}), but they are different in anatomical and physiological features, such as leaf types and hydraulic systems, that lead to different hydraulic regulations of transpiration to atmospheric and soil drought, such as vapor pressure deficit (VPD) (Domec et al., [2015](#ece33584-bib-0008){ref-type="ref"}) and soil dryness (O\'Grady, Worledge, & Battaglia, [2008](#ece33584-bib-0031){ref-type="ref"}). Pines have small, evergreen needle leaves and rely on smaller diameter tracheids for water transport. On the other hand, oaks are mostly deciduous and rely on large‐diameter vessels for water transport (Renninger, Carlo, Clark, & Schäfer, [2015](#ece33584-bib-0035){ref-type="ref"}). Consequently, ring‐porous species like oaks have been found to have fewer vessels per unit sapwood but higher leaf‐specific hydraulic conductivity than conifers, like pines (McCulloh et al., [2010](#ece33584-bib-0026){ref-type="ref"}), but the different size of water‐transport conduit of the two species may indicate different abilities to regulate water loss and to minimize fluctuations in tissue water potential, that is, the larger the conduits are the more vulnerable, the species is to embolism. The existing observations are mixed. For example, in terms of hydraulic regulation, several studies have found that like other ring‐porous species, oaks tend to be more anisohydric, allowing the leaf water potentials to drop with increasing evaporative demand and drought stress (Martínez‐Vilalta, Poyatos, Aguadé, Retana, & Mencuccini, [2014](#ece33584-bib-0024){ref-type="ref"}). By contrast, a global synthesis found that conifers had the largest "safety margin" between minimum in situ water potential and the water potential at which 50% of hydraulic conductivity is lost to embolism (Choat et al., [2012](#ece33584-bib-0005){ref-type="ref"}). However, in another synthesis study, oaks and pines are both proved to be partial isohydric (Martínez‐Vilalta et al., [2014](#ece33584-bib-0024){ref-type="ref"}), showing strong stomatal control of transpiration rate, and thus maintain a stable leaf water potential regardless of soil water availability. Also, species differ in terms of resource acquisition strategies for water and nutrients, particularly in ecosystems with soils that exhibit low water and nutrient‐holding capacity in the upper soil layers (Forrester, Theiveyanathan, Collopy, & Marcar, [2010](#ece33584-bib-0010){ref-type="ref"}). In this respect, stable isotopes provide a powerful tool in identifying plant water sources. There is no isotope fractionation during water uptake by terrestrial plants (Dawson, Mambelli, Plamboeck, Templer, & Tu, [2002](#ece33584-bib-0006){ref-type="ref"}). Therefore, comparisons of stable isotopic compositions of plant stem water with those of the potential water sources (e.g., soil water from varying depths and groundwater) could identify the most probable sources of water transpired by plants.

More diverse communities have potential to better resist future drought (Jactel et al., [2009](#ece33584-bib-0017){ref-type="ref"}). Although the protective forests were historically widespread in North China, yet the knowledge gaps on plant functioning and in turn on plant resilience to extreme drought have not been filled. Therefore, in this study, we focused on investigating the integrated biophysiological strategies of these two important coexisting tree species, namely *Pinus tabuliformis*, a conifer that is widespread across the world, and *Quercus variabilis*, a common native oak species in mountainous regions in China, with the combination of sap flow measurements and isotopic examination. We hypothesized that the water use of codominant species would stratify to minimize the negative impact from competition over limited water resource. Specifically, we (1) investigated the species‐specific responses of canopy transpiration to VPD and soil water availability under different rainfall regimes and (2) determined their water sources during rainless intervals using stable isotope methods. It is critical to understand the water use characteristics and physiological responses and it will provide new and powerful tools for selection of species in future forest management in this area.

2. MATERIALS AND METHODS {#ece33584-sec-0002}
========================

2.1. Site description {#ece33584-sec-0003}
---------------------

Jiufeng National Forest Park (40°3.511′N, 116°5.242′E) is located in the western mountain range in the northwestern region of Beijing. It covers an area of 832.04 hectares with a forest coverage rate of 96.4%. The park is 30 km away from urban Beijing. Observation over the recent 10 years showed that the annual average temperature is 12.5°C, with the highest record of 41.6°C (July) and the lowest record of −19.6°C (January). The average annual precipitation during 2006--2016 was 630 mm with 74% occurred in summer from June to September. The annual potential evaporation ranges from 1,800 to 2,000 mm. Frost usually occurs from the beginning of September and ends in the beginning of April. There are several locations where natural springs occur. The underlying parental material is limestone, and the average depth of the soil is 52.8 cm, ranging from 20 to 114 cm, with 61% distributed in the range of 30--59 cm. The gravel content is high (up to 85% of gravel smaller than 2 mm). Given the thin soil layer, we classified the surface layer as the top 30 cm and the deep layer as depths below 40 cm. The overstory of the whole mountain area is predominantly composed of *P. tabuliformis* (19.1%), *Q. variabilis* (26.2%), *Platycladus orientalis* (17.3%), and *Robinia pseudoacacia* (3.9%). We selected four plots of similar topography (20 × 20 m each) codominated by *P. tabuliformis* and *Q. variabilis*, which also served as a representation of coniferous and broadleaf species, to study the underlying dynamics that enable forest survival under drought conditions. Detailed plot characteristics are presented in Table [1](#ece33584-tbl-0001){ref-type="table-wrap"}. To get the information of root biomass distribution along the soil profile, ten trees were selected. Three pits were dug to the depth of approximately 120 cm (weathered bedrock) around each sampled tree. Soil cubes were excavated at every 20‐cm interval. No roots were found below 60 cm. The pit was refilled after sampling. The roots were sieved out of the soil, and their diameters were measured with a vernier caliper. The roots then were classified into three diameter classes: \>5, 2--5, and \<2 mm. The sorted roots were sealed in plastic bags and transported to the laboratory to determine the dry biomass (roots were dried in an oven at a temperature of 105°C for 48 hr).

###### 

Survey of the plots

  Plot no.               Species                Topography                                                                   Total number of stems   Mean tree height (m)   Mean DBH (cm)   Transpiration sample number   Mean DBH of transpiration samples (cm)
  ---------------------- ---------------------- ---------------------------------------------------------------------------- ----------------------- ---------------------- --------------- ----------------------------- ----------------------------------------
  1                      *Pinus tabuliformis*   Altitude (m): 135slope direction: semi‐sunny slopesoil depth (cm): 53(4.6)   45                      12.45 (3.2)            18.6 (3)        14                            18.1 (4.2)
  *Quercus variabilis*   58                     15.69 (5.4)                                                                  23.5 (4.4)              14                     23.1 (5.3)                                    
  2                      *Pinus tabuliformis*   Altitude (m): 139slope direction: semi‐sunny slopesoil depth (cm): 51(3.5)   54                      10.45 (2.2)            16.6 (2)        8                             16.2 (3.5)
  *Quercus variabilis*   49                     14.28 (5.1)                                                                  21.5 (3.2)              8                      21.2 (4.5)                                    
  3                      *Pinus tabuliformis*   Altitude (m): 129slope direction: semi‐sunny slopesoil depth (cm): 49(2.8)   40                      9.45 (1.2)             15.6 (2)        7                             15.1 (2.1)
  *Quercus variabilis*   48                     13.69 (2.4)                                                                  20.3 (3.4)              7                      20.4 (3.1)                                    
  4                      *Pinus tabuliformis*   Altitude (m): 126slope direction: semi‐sunny slopesoil depth (cm): 50(4.1)   46                      11.58 (3.2)            16.7 (1.9)      12                            16.3 (3.6)
  *Quercus variabilis*   53                     15.69 (5.4)                                                                  20.5 (2.4)              13                     20.1 (2.1)                                    

The data are presented as the mean (*SD*).
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2.2. Site abiotic monitoring {#ece33584-sec-0004}
----------------------------

We used a HOBO U30 meteorological station (Onset Computer Corp., Boune, MA, USA) to monitor the solar radiation (W/m^2^), temperature (°C), relative humidity (%), wind (m/s), precipitation (mm), and potential evapotranspiration (PET) adjacent to the plot from 1 January 2014 to 31 December 2015. The data were measured every 10 seconds and recorded automatically as 30‐min averages.

EM50 probes (Decagon Devices Inc., Pullman, WA, USA) were deployed at the same locations as the HOBO U30 to continuously monitor soil water (cm^3^/cm^3^). The probes were only inserted into the soil at depths of −20 and −40 cm. The deeper layers were not monitored consecutively during the whole experiment period because the rocky substrate of the deeper layers failed to guarantee the close contact between the probes and the soil, and this would yield inaccurate observation data, but they were examined with isotopic samplings when the soil excavation was deep to 60 cm. To compare across plots and to eliminate the influence of soil texture heterogeneity on soil water content, drought intensity is best quantified in the form of relative extractable soil water (REW, dimensionless) over the whole monitoring zone (Gartner, Nadezhdina, Englisch, Cermak, & Leitgeb, [2009](#ece33584-bib-0011){ref-type="ref"}; Tognetti et al., [2009](#ece33584-bib-0043){ref-type="ref"}). $$\text{REW} = {(\theta - \theta_{\min})}/{(\theta_{\max} - \theta_{\min})}$$where θ~max~ and θ~min~ are the respective averaged maximum and minimum measured soil water contents (θ) across the two monitored layers (0--20 cm and 20--40 cm) during the observation period. REW varies between 0 and 1. REW below 0.4 has been widely considered as a soil water stress condition (Granier, Bréda, Biron, & Villette, [1999](#ece33584-bib-0014){ref-type="ref"}) (Bréda, Huc, Granier, & Dreyer, [2006](#ece33584-bib-0003){ref-type="ref"}).

2.3. Canopy transpiration and conductance {#ece33584-sec-0005}
-----------------------------------------

Sap flow provides insights into environmental limitations, but it has been commonly transformed to canopy transpiration because (1) canopy transpiration can be compared directly with rainfall and thus facilitates the understanding of the stand water balance status, (2) the water use of the whole forest ecosystem can be estimated and compared with other studies (Wilson, Hanson, Mulholland, Baldocchi, & Wullschleger, [2001](#ece33584-bib-0047){ref-type="ref"}), and (3) canopy conductance which is estimated from canopy transpiration serves as importance factor in describing trees water control. Sap flux observations were conducted from DOY 94 to DOY 305 in 2014 and 2015. Trees were classified into different DBH classes by every 2‐cm increments. The measurements were made on a minimum of seven trees of each species that were randomly selected from each DBH class (Table [1](#ece33584-tbl-0001){ref-type="table-wrap"}). Each DBH class was represented with at least one sample tree. Thermal dissipation probes (10 and 20 mm long; Dynamax Inc.*,* Houston, TX, USA) were installed under the bark and cambium at DBH level (1.3 m above the soil). Data were collected every ten seconds using a CR1000 data logger (Campbell Scientific Inc., Logan, UT, USA), and 30‐min averages of temperature difference data were stored. The sensor signal was converted to sap flux density (*J* ~s~, g m^−2^ s^−1^) according to Granier (Granier, [1987](#ece33584-bib-0013){ref-type="ref"}). Drift of daily value of maximum temperature differences (*DT* ~max~) between the two probes was reduced according to the proved procedures (Lu, Urban, & Zhao, [2004](#ece33584-bib-0022){ref-type="ref"}). Both species had thin sapwood depth, and close sample points (10 and 30 mm) would not improve the estimate (Ford, McGuire, Mitchell, & Teskey, [2004](#ece33584-bib-0009){ref-type="ref"}). Therefore, we did not conduct the measurement of sap flow radial profile due to limited probes.

The upscaling included two parts: spatial upscaling from individual sample tree to the stand transpiration and temporal upscaling from second to daily value (Matheny et al., [2014](#ece33584-bib-0025){ref-type="ref"}). Spatially, because *J* ~s~ of sampled trees was used as a representation of the corresponding DBH class, the sap flux of certain DBH class was calculated by multiplying the average *J* ~s~ of sampled trees to As of trees within this DBH class and then summing the value of these individual trees. To get stand sap flux, we summed the values of individual DBH classes. As to the temporal upscaling, to get daily sap flux (kg/day), we first calculated the half‐hourly whole tree sap flux by multiplying the product of *J* ~s~ and As with a time conversion coefficient to convert from seconds to a half‐hour value (1,800), and then summed these values for a 24‐hr period. Daily sap flux was converted to stand‐scale canopy transpiration (*E* ~c~, in mm/day) by dividing the plot area.

Sapwood depth was determined by visual inspection of the increment core to determine the average sapwood depth across the plots. We chose probes shorter than the sapwood depth to avoid insertion into heartwood which would result in underestimation of transpiration (Hultine et al., [2010](#ece33584-bib-0016){ref-type="ref"}), and the sapwood area (As) was calculated as total basal area minus the heartwood area. The sapwood area of the trees without core sampling was estimated from the relationship between As and DBH (diameter at breast height), established from the cored trees. $$\text{As}_{Pinus} = 0.5\text{DBH}^{1.9}\,{(R^{2} = 0.98,\, n = 26)}$$ $$\text{As}_{Quecus} = 15\ln\text{DBH} - 14.2\,{(R^{2} = 0.86,\, n = 26)}$$

The canopy conductance was derived following the Penman--Monteith equation (Zeppel et al., [2008](#ece33584-bib-0049){ref-type="ref"}) $$G_{c} = \frac{G_{a}\lambda E\gamma}{\Delta R_{n} + 3,600\rho C_{p}\text{VPD}G_{a} - \lambda E{(\Delta + \gamma)}}$$where *k* is the latent heat of vaporization of water (2.39 MJ/kg), *E* ~c~ is transpiration by species expressed as mm/hr, ∆ is the ratio of the saturated vapor pressure to temperature (kPa/C), *R* ~n~ is the net radiation (MJ m^−2^ hr^−1^), 3,600 is the conversion factor from seconds to hours, *q* is air density (kg/m^3^), *C* ~p~ is the specific heat of air (1.013 MJ kg^−1^ C^−1^), VPD is the vapor pressure deficit (kPa), c is the psychrometric constant (0.066 kPa/C), and *G* ~a~ is the aerodynamic conductance (m/s) calculated from Equation [(5)](#ece33584-disp-0005){ref-type="disp-formula"} (Mielke et al., [1999](#ece33584-bib-0029){ref-type="ref"}). $$G_{a} = \frac{k^{2} \ast u}{\left\lbrack {\ln\left( \frac{z - d}{z_{0}} \right)} \right\rbrack^{2}}$$where *k* is von Karman\'s constant, 0.41, *u* is the wind speed above the canopy (m/s), *Z* is the reference height at which wind is recorded (m), *Z* ~0~ is the roughness height (usually 0.1 hr, and *h* is the canopy height), and *d* is the displacement height (0.7 hr). The wind speed above the canopy was measured as 30‐min averages; therefore, stability effects were included and corrections are not required.

2.4. Isotopic sampling and measurement {#ece33584-sec-0006}
--------------------------------------

Sample collection and treatment. (1) Plant samples: Plant tissue samples were collected once a week in each month (four times a month), from April to October, both in 2014 and 2015. Fully matured and suberized twigs (diameter 0.3--0.5 cm, length 3--5 cm) at 3--4 m aboveground were sampled from each of the four cardinal directions of the trees when possible. Then, they were placed into capped vials immediately upon collection and sealed with Parafilm "M" (Bemis NA Co., Wisconsin, USA). Samples were maintained in a cooler with ice in the field and kept frozen (−20 °C) in the laboratory prior to water extraction. (2) Soil samples: Soil samples were collected together with plant sampling. Soil samples were collected with a soil auger at the depths of 0--10, 10--20, 20--30, 30--40, and 40--60 cm. Besides, a round of soil water sampling down to the depth of 60 cm was conducted to enhance the vertical and horizontal representativeness as the supplement to the consecutive EM50 monitoring of soil water (described in Section [2.2](#ece33584-sec-0004){ref-type="sec"}). For each depth, three replicate soil samples were collected around the sampled tree. Soil samples were stored as described previously as plant tissue samples. (3) Groundwater samples: The spring water (Miao Ling spring) near the sampling plots was used as the substitute for groundwater (Liu et al., [2017](#ece33584-bib-0021){ref-type="ref"}). The spring water samples were collected on the same day of the plant and soil sample collections. Samples were collected into 50‐ml vials, sealed with Parafilm "M" (Bemis NA Co.), placed in a portable freezer before transported to the laboratory and frozen at −20°C until isotopic examination.

Water extraction and isotopic analysis. The δ^18^O and δD values of water from different samples were examined at the Laboratory of Eco‐Hydrological Process and Mechanism, Beijing Forestry University. At the laboratory, one set of soil samples was measured for gravimetric water content from the sample weight loss by drying samples at 105°C for 48 hr. Water was extracted from the remaining soil samples and plant tissue samples using a cryogenic vacuum distillation method (West, Patrickson, & Ehleringer, [2006](#ece33584-bib-0045){ref-type="ref"}).

The isotopic compositions of all water samples were measured with a Liquid Water Isotope Analyzer (LWIA, DLT‐100; Los Gatos Research Inc., San Jose, USA) at the laboratory. Both δ^18^O and δD values can be measured simultaneously with this instrument. Isotope ratios are expressed as: $$\delta^{18}O\,\text{or}\,\delta D\,{(‰)} = {(R_{sample}/R_{standard} - 1)} \times 1,000$$where *R* ~sample~ and *R* ~*s*tandard~ indicate the isotope ratio of the samples and standard (Vienna Standard Mean Ocean Water). The measurement accuracies of δD and δ^18^O were ±0.3‰ and ±0.1‰, respectively.

2.5. Statistical analysis {#ece33584-sec-0007}
-------------------------

Regressions between transpiration and environmental factors were plotted and estimates of *r* ^2^ and slope *p*‐values were performed in Sigmaplot 12.5 (SPSS Inc., Chicago, IL, USA).

The comparison of δ^18^O composition between plant tissue samples and soil water yielded information as to which layer was the water source.

To discover the possible sources of water uptake by plants, isotopic compositions of plant water samples was first compared with the water sources of soil of different depths (0--10, 10--20, 20--30, 30--40 and 40‐60 cm) and groundwater. According to the principle of isotope mass balance, the isotopic compositions of all potential water sources and plant water were input to IsoSource mixing model (Phillips & Gregg, [2003](#ece33584-bib-0033){ref-type="ref"}) approach to assess the contributions of different water sources used by plants. The fractional increment was set at 1%, and the uncertainty level was set at 0.2‰. Significant differences were determined via independent‐samples *t* test. This approach analyzed the data more systematically and provided a more quantitative assessment of the estimated range of feasible contributions of potential water sources to total water uptake (Jia, Yu, & Deng, [2013](#ece33584-bib-0018){ref-type="ref"}). It can calculate as many as ten water sources. The IsoSource mixing model was expressed with formula as follows: $$\begin{array}{cl}
{\delta Y\, = \,} & {c_{1}\delta X_{1} + c_{2}\delta X_{2} + c_{3}\delta X_{3} + \ldots + c_{n}\delta X_{n}} \\
 & {c_{1} + c_{2} + c_{3} + \ldots + c_{n} = 1} \\
\end{array}$$where *Y* is the ^18^O or D of water in plant, *X* ~1~, *X* ~2~, *X* ~3~...*X* ~*n*~ are the ^18^O or D of different water sources, and *c* ~1~, *c* ~2~, *c* ~3~, *c* ~*n*~ are the contribution rates of different water sources. *n* is number of water sources and in this study, *n* is six (soil water: 0--10, 10--20, 20--30, 30--40, and 40--60 cm and groundwater).

3. RESULTS {#ece33584-sec-0008}
==========

3.1. Environmental factors {#ece33584-sec-0009}
--------------------------

The average daily VPD was higher in 2014 (1.67 kPa) than in 2015 (0.58 kPa), with the highest values recorded in August 2014 (3.81 kPa) and June 2015 (2.11 kPa) (Figure [1](#ece33584-fig-0001){ref-type="fig"}a,b). The average solar radiation (*R*) value was similar (*p* = .52) in the 2 years, that is, 10.48 and 10.90 MJ/m^2^ in 2014 and 2015, respectively. Potential evapotranspiration in both years was also similar, 4.59 and 4.78 mm in 2014 and 2015, respectively. In contrast to 2015, there was no rainfall from the beginning of the observation until DOY 150 in 2014. Approximately 70% of the total precipitation events occurred in July and August (Figure [1](#ece33584-fig-0001){ref-type="fig"}c,d shaded area). Weak precipitation events (5 mm or less) were frequent, accounting for 77.5% and 80.82% of total events in 2014 and 2015, respectively, while strong precipitation events (more than 10 mm) were infrequent, accounting for 22.5% and 19.18% of total events in 2014 and 2015, respectively. The temporal variations in soil water content are shown in Figure [1](#ece33584-fig-0001){ref-type="fig"}c,d. Rapid depletion of the soil water content could be observed during the rainless interval, when the high air temperature induced a high water demand by the trees. The soil water content decreased gradually after the precipitation events and remained at a low value until the next rainfall event that initiated a renewed cycle of soil water.

![Mean daytime vapor pressure deficit (VPD), solar radiation (*R*), and potential evapotranspiration (PET) (a) \~ (d), as well as precipitation and soil water content (VWC) (e) and (f) along with daily transpiration of the two species (g) and (h) in 2014 and 2015. The shaded area indicates the beginning of the growing season with contrasting rainfall in the 2 years](ECE3-7-10640-g001){#ece33584-fig-0001}

3.2. Canopy transpiration (*E* ~c~), sap flow (*J* ~s~), and canopy conductance (*G* ~c~) {#ece33584-sec-0010}
-----------------------------------------------------------------------------------------

Canopy transpiration of the two species demonstrated noticeable differences in the 2 years of contrasting rainfall patterns (Figure [1](#ece33584-fig-0001){ref-type="fig"}e,f). The differences in transpiration of Pt in the 2 years were more obvious than those of Qv, especially at the beginning of the growing season (Figure [1](#ece33584-fig-0001){ref-type="fig"} shadow area). There was no rainfall at the beginning of the growing season in 2014. Correspondingly, *E* ~c~ of Pt was significantly lower than that in 2015 when rainfall reached 58.6 mm at the beginning of the growing season. By contrast, *E* ~c~ of Qv during this period was similar in both years. *E* ~c~ of Pt in 2015 was higher than that in 2014. By contrast, *E* ~c~ of Qv in the 2 years was similar in magnitude.

Canopy transpiration (*E* ~c~) increased with VPD and gradually reached a maximum level (Figure [2](#ece33584-fig-0002){ref-type="fig"}a,b) except for Qv under the condition of REW \< 0.4. The canopy conductance decreased logarithmically with VPD (Figure [2](#ece33584-fig-0002){ref-type="fig"}c,d). This suggests that the species regulated their conductance in response to high VPD. At a given VPD, *G* ~c~ response to VPD was more sensitive when REW \> 0.4 than when REW \< 0.4.

![Relationship between canopy transpiration and vapor pressure deficit (VPD) (a) and (b) and between canopy conductance and VPD (c) and (d). Relative extractable soil water below 0.4 has been widely considered as a soil water stress condition (Bréda et al., [2006](#ece33584-bib-0003){ref-type="ref"}; Granier et al., [1999](#ece33584-bib-0014){ref-type="ref"})](ECE3-7-10640-g002){#ece33584-fig-0002}

The influence of soil water on *E* ~c~ can be observed when half‐hourly values of *J* ~s~ and VPD are shown for bright summer days of similar average daily *R* and VPD. Under all conditions, plots of *J* ~s~ against VPD yielded hysteresis loops (Figure [3](#ece33584-fig-0003){ref-type="fig"}) where *J* ~s~ generally followed daily trends in VPD: *J* ~s~ increased after sunrise, reached a maximum at noon, and declined until evening. The loop was considerably more pronounced for Qv when REW \< 0.4 as compared to when REW \> 0.4. Moreover, *J* ~s~ of Qv was more than three times lower when REW\<0.4 as compared to under the conditions of REW \> 0.4 (Figure [3](#ece33584-fig-0003){ref-type="fig"}). Peak *J* ~s~ of Qv tended to occur more concentrated before maximum VPD when REW \< 0.4, while the peak *J* ~s~ of Pt tended to occur distributed more evenly with highest diurnal VPD (Figure [4](#ece33584-fig-0004){ref-type="fig"}).

![Hysteresis loop of the relationship between transpiration and vapor pressure deficit on a daily scale](ECE3-7-10640-g003){#ece33584-fig-0003}

![Frequency distribution of *J* ~s~ (black bars) and vapor pressure deficit (dotted lines) peaks in different hours of a day](ECE3-7-10640-g004){#ece33584-fig-0004}

3.3. Contributions of the water sources used for plant uptake during water stress {#ece33584-sec-0011}
---------------------------------------------------------------------------------

The soil water of both species measured together with isotopic sampling was lower when REW \< 0.4 than when REW \> 0.4 (Figure [5](#ece33584-fig-0005){ref-type="fig"}a,d). Specifically, the average water content of Pt was 23.84% and 10.78% when REW \> 0.4 and REW \< 0.4, respectively, and decreased sinuously downward with the exception of increases at 12% at a depth of 25 cm when REW \< 0.4, and at 22.1% and 22.85% at depths of 35 and 70 cm when REW \> 0.4. A similar downward decrease was observed for Qv but without occasional increases. The average soil water content ranged from 7.14% to 14.33% when REW \< 0.4 and from 18.78% to 30.83% when REW \> 0.4. Large standard errors of SWC near the soil surface were observed, which reflects the considerable heterogeneity of the soil water content and indicates complex effects of evaporative demand and rainfall. The water content of the lowest soil layer remained relatively constant down to the maximum sampling depth. The root biomass showed that the roots of all classes were most abundant at 40--60 cm for both species (Figure [5](#ece33584-fig-0005){ref-type="fig"}b,e).

![Oxygen isotopic composition (δ^18^O) of soil water (a) and (d) in comparison with that of plant and groundwater (Gw, showed as the bars in the lower panel of c and f) accompanied by the soil water content (b) and (e) and root biomass (c) and (f) throughout the soil profile during the rainy and dry season. Refer to (a), (b), and (c) for Pt and (d), (e), and (f) for Qv](ECE3-7-10640-g005){#ece33584-fig-0005}

The observed ranges on earth of δ^18^O are much smaller than δD (Dawson & Siegwolf, [2007](#ece33584-bib-0007){ref-type="ref"}), which may lead to more accurate or at least equal result using δ^18^O. And due to a local meteoric water line (Jia et al., [2013](#ece33584-bib-0018){ref-type="ref"}), which reflects the relationship between δ^18^O and δD, these two isotopic compositions are closely related (*R* = 0.90, *n* = 35). So, it could show the same patterns or results by either δ^18^O or δD. In fact, either δ^18^O or δD can have the same results of plant water utilization (Snyder & Williams, [2000](#ece33584-bib-0041){ref-type="ref"}). So, δ^18^O was adopted in this study. The δ^18^O of soil water under both species showed contrasting patterns under different water stress conditions (Figure [5](#ece33584-fig-0005){ref-type="fig"}c,f). For Pt, comparatively high values of −0.8‰ at the soil surface were observed when REW \< 0.4, followed by a decrease to −10‰ between the depths of 20--30 and 40--60 cm, and a further deduction to the value of −13‰. When REW \> 0.4, only the surface and bottom layers were split from the curve of REW \< 0.4 but both stayed at around −10‰. For Qv, the isotopic composition of soil water in different layers was distinct at different periods. δ^18^O decreased continuously from −2.5‰ at the surface to −8.3‰ at the bottom when REW* *\< 0.4. By contrast, the isotopic values of different layers varied within the range of −12‰ to −10‰ when REW \> 0.4.

Xylem δ^18^O of both species crossed with that of the soil water at depths between 20 and 40 cm when REW \> 0.4 and below 40 cm when REW* *\< 0.4 (Figure [5](#ece33584-fig-0005){ref-type="fig"}c,f). The groundwater remained at a stable value of −10.21‰ ± 0.17‰ (*SD*) (presented as Gw in Figure [5](#ece33584-fig-0005){ref-type="fig"}c,f), which was significantly different from the isotopic compositions of both species (*p* = .589, Paired *t* test).

The IsoSource mixing model revealed a variety of mixtures from the possible water sources that contributed to total plant water uptake (Figure [6](#ece33584-fig-0006){ref-type="fig"}). The percent contribution from each depth ranged from 2.2% to 76.2%. Compared to REW \< 0.4, the relative contribution of shallow soil water increased greatly when REW \> 0.4 for both species. However, deep soil water (40--60 cm) contributed to transpiration under all soil water conditions (Figure [6](#ece33584-fig-0006){ref-type="fig"}).

![Proportions of water taken up from different layers based on the examined soil profile for Qv and Pt under different soil water conditions. GW stands for groundwater](ECE3-7-10640-g006){#ece33584-fig-0006}

4. DISCUSSION {#ece33584-sec-0012}
=============

4.1. Indirect influence of rainfall pattern on transpiration {#ece33584-sec-0013}
------------------------------------------------------------

Theoretically, transpiration should increase with rainfall due to an increased soil water supply. For example, a higher stand transpiration rate after as opposed to before precipitation was observed under similar VPD and *R* (Shen, Gao, Fu, & Lü, [2015](#ece33584-bib-0038){ref-type="ref"}). In our study, this was true for Pt at the beginning of the growing season in 2015. However, high rainfall did not induce an increase in total *E* ~c~ of both species in the growing season in 2015. Contrary to distinct rainless intervals in other studies, the continuous rainfall events in combination with total rainfall increased the relative humidity, which consequently decreased the VPD (an average daytime value of 0.68 ± 0.5 kPa in 2015 in comparison with 1.0 ± 0.7 kPa in 2014). We proved that stand transpiration was significantly influenced by VPD under all soil water conditions (Figure [2](#ece33584-fig-0002){ref-type="fig"}). Thus, low VPD would pose limitation over the transpiration. Previous studies proved the influence of precipitation patterns on tree response to transient soil moisture following precipitation pulses (O\'Grady et al., [2008](#ece33584-bib-0031){ref-type="ref"}; Plaut et al., [2013](#ece33584-bib-0034){ref-type="ref"}). In this study, we also proved that rainfall patterns exerted influence over *E* ~c~ by causing changes to VPD.

4.2. Different water use strategies by the two species {#ece33584-sec-0014}
------------------------------------------------------

Both species demonstrated saturation of *E* ~c~ approaching high VPD (Figure [2](#ece33584-fig-0002){ref-type="fig"}a,b). This can be primarily attributed to a decrease in *G* ~c~ with increasing VPD (Figure [2](#ece33584-fig-0002){ref-type="fig"}c,d), which has also been observed by others (Wieser & Leo, [2012](#ece33584-bib-0046){ref-type="ref"}; Zimmermann et al., [2000](#ece33584-bib-0051){ref-type="ref"}). However, the two species demonstrated different transpiration and canopy conductance patterns in response to VPD under contrasting soil water conditions, and this would be attributed to their xylem anatomy and water use strategies. Several studies have found that oaks and other ring‐porous species tend to be more anisohydric, exhibiting increasingly more negative leaf water potentials with increasing evaporative demand and drought stress (Renninger et al., [2015](#ece33584-bib-0035){ref-type="ref"}). However, both species were found to have similar behavior (Martínez‐Vilalta et al., [2014](#ece33584-bib-0024){ref-type="ref"}) and considered "partial isohydric" in a synthesis study to compare directly isohydric/anisohydric behavior across species and ecosystem types (Martínez‐Vilalta et al., [2014](#ece33584-bib-0024){ref-type="ref"}). Therefore, although differences in anatomy and leaf habit are evident between pines and oaks, results from previous studies are mixed with regard to how these differences will affect physiological functioning of each genus in a resource‐limited environment.

The isohydric/anisohydric water use behavior can not only be inferred from leaf level data but also the tree‐level regulation of water use (Kumagai & Porporato, [2012](#ece33584-bib-0019){ref-type="ref"}). In our study, Qv appeared to adopt a relatively anisohydric water use strategy as its transpiration and canopy conductance remained the same range at REW \< 0.4 as that at REW \> 0.4 (Figures [1](#ece33584-fig-0001){ref-type="fig"}h and [2](#ece33584-fig-0002){ref-type="fig"}). In comparison to Pt, the larger conduit of Qv and anisohydric water use strategy render this species more vulnerable to cavitation. First, *E* ~c~ of Qv decreased instead of sustained the high level in response to high VPD when REW \< 0.4 (Figure [2](#ece33584-fig-0002){ref-type="fig"}a). Second, the probability of diurnal peak *E* ~c~ was concentrated when REW \< 0.4 (Figure [4](#ece33584-fig-0004){ref-type="fig"}). It indicated that the water status and transport capacity of Qv were jeopardized by cavitation and unable to sustain the high‐level *E* ~c~ under high VPD. Third, aggravated hysteresis also indicated the possibility of cavitation. Hysteresis in the relationship between *E* ~c~ and VPD has been observed in other studies (Meinzer et al., [1999](#ece33584-bib-0027){ref-type="ref"}; Zeppel, Murray, Barton, & Eamus, [2004](#ece33584-bib-0050){ref-type="ref"}). Increased hysteresis under water stress can be attributed to increasing stomatal control of transpiration which is explained by the loss of hydraulic conductance, such as cavitation (O\'Grady et al., [2008](#ece33584-bib-0031){ref-type="ref"}). By contrast, Pt demonstrated relatively high *E* ~c~ and *G* ~c~ throughout the whole growing season, but it decreased transpiration under less ideal water conditions, such as at the beginning of the growing season with contrasting rainfall amount (in 2014 vs. 2015) (Figure [1](#ece33584-fig-0001){ref-type="fig"}g) and when REW \< 0.4 (Figure [2](#ece33584-fig-0002){ref-type="fig"}b,d). These physiological drought adaptation mechanisms fit a typical water‐saving strategy (Brito et al., [2015](#ece33584-bib-0004){ref-type="ref"}). Exposed to water stress, the first response of trees is stomatal control. Decreased canopy conductance caused by stomatal closure due to increasing VPD and soil drought has been found in many species (Gieger & Leuschner, [2004](#ece33584-bib-0012){ref-type="ref"}; Peters, Gonzalez‐Rodriguez, Jiménez, Morales, & Wieser, [2008](#ece33584-bib-0032){ref-type="ref"}). This would prevent transpiration declining to values that could reduce plant water potential such that the xylem water column undergoes catastrophic cavitation (Meinzer & McCulloh, [2013](#ece33584-bib-0028){ref-type="ref"}). Moreover, the xylem tracheids of small diameter of Pt are resistant to cavitation. In terms of stomatal regulation of water transport, conifers are found to have the largest "safety margin" between minimum in situ water potential and the water potential at which 50% of hydraulic conductivity is lost to embolism in a global synthesis study (Choat et al., [2012](#ece33584-bib-0005){ref-type="ref"}). Therefore, the hysteresis loop of this species did not enlarge when REW \< 0.4 (Figure [3](#ece33584-fig-0003){ref-type="fig"}).

Dated back to 1950s, the forests in this mountain area are of the same age. From the perspective of transpiration, the individual sizes of the same species are similar, but vary between species. Because tree diameter is directly linked to the size of water‐conducting area of trees, such differences are partial reason to the differences of total stand transpiration between the two species (Figures [1](#ece33584-fig-0001){ref-type="fig"} and [2](#ece33584-fig-0002){ref-type="fig"}). From the perspective of water uptake depths, studies have been inconsistent with relationship between tree diameter and water uptake depths. Bigger trees tended to take up soil water closer to the soil surface (Hardanto, Röll, & Hendrayanto‐Hölscher, [2017](#ece33584-bib-0015){ref-type="ref"}). By contrast, significant positive linear relationships of tree DBH and water uptake depths of canopy trees were reported in old‐growth tropical tree plantation (Andrade, Goldstein, Holbrook, Cavelier, & Wright, [1999](#ece33584-bib-0002){ref-type="ref"}). In another case, no correlations between water uptake depth and DBH were found in a young tropical tree plantation (Schwendenmann, Pendall, Sanchez‐Bragado, Kunert, & Hölscher, [2015](#ece33584-bib-0037){ref-type="ref"}). Such inconsistency may be attributed to the fact that there is no fixed relationship between tree diameter and root distribution (Snyder, [2007](#ece33584-bib-0040){ref-type="ref"}), but soil water uptake among species from different soil layers was proved primarily to be the result of differential root depth and architecture (Trogisch, Salmon, He, Hector, & Scherer‐Lorenzen, [2016](#ece33584-bib-0044){ref-type="ref"}). In our study, the distribution of root system would also explain the water uptake depth and the transpiration differences. The root biomass of Qv was much higher than that of Pt, especially in the surface layers (0--25 cm), which were rapidly replenished after rainfall. Shallow distributions of root systems may be a reason for sensitive responses to soil moisture recovery (Kume et al., [2007](#ece33584-bib-0020){ref-type="ref"}). Therefore, quick replenishment by Qv was able to alleviate cavitation after rainless intervals and to maintain relatively stable transpiration for the whole growing season. By contrast, Pt demonstrated only one peak of root biomass at the depth of 40--60 cm, and thus relied mainly on water supply from deeper layers that were less subject to evaporation.

4.3. Acquisition of water sources and implications {#ece33584-sec-0015}
--------------------------------------------------

The xylem water δ^18^O value of both species overlapped with the δ^18^O value of the deeper layers when soil water condition was less stressed when REW \> 0.4 (Figure [5](#ece33584-fig-0005){ref-type="fig"}c,f). Moreover, the results from the IsoSource mixing model also revealed that both species utilized a substantial amount of water stored within the deeper, wetter layers (40--60 cm) during the whole growing season under conditions of either REW \> 0.4 or REW \< 0.4 (Figure [6](#ece33584-fig-0006){ref-type="fig"}). The ability to access deep soil water may reduce vulnerability to drought, and this seems particularly important for the survival of evergreen trees that must cope with long‐lasting soil drought, similar to observations in semi‐arid environments (Lubczynski, [2009](#ece33584-bib-0023){ref-type="ref"}). Due to IsoSource mixing model calculations, groundwater may contribute to plant water uptake (Figure [6](#ece33584-fig-0006){ref-type="fig"}), the results could be misinterpreted though. First, the isotopic compositions of both species were significantly different from the groundwater (*p* = .589, Paired *t* test). Second, the distribution of plant roots is an important factor in determining the depth of plant water use. The relative distribution and activity of surface and deep roots affect the range of water absorbed by plants (Yu, Jie, Nakayama, & Yan, [2007](#ece33584-bib-0048){ref-type="ref"}). The depth of groundwater in this area is below 23 m, which is much deeper than the distribution depth (\~60 cm) of both species in this study. This indicated that the trees did not use groundwater for plant utilization and transpiration, which was consistent with our previous research in this area. So, even the IsoSource mixing model provides a feasible method for quantify plant water uptake from different possible water sources, the results should be interpreted according to the actual conditions (Rothfuss & Javaux, [2017](#ece33584-bib-0036){ref-type="ref"}) such as root distribution.

Even with the advantage of a deep root system, conclusive predictions cannot be made regarding the influence of water acquisition strategy on the survival of a species in the future. From the perspective of water accessibility, the survival of a species will be a product of the type of drought shaped by rainfall pattern, combined with the configuration of root systems in different soil layers. Precipitation projections feature great uncertainty (Taylor, de Jeu, Guichard, Harris, & Dorigo, [2012](#ece33584-bib-0042){ref-type="ref"}), and rainfall events of different magnitudes infiltrate different soil layers. Thus, the predicated future alteration of precipitation regimes over long periods would change the current soil water profile for coexisting species. However, it is insufficient to determine the future composition and structure of the community based only on the projected rainfall pattern because the configuration of the root system in different soil layers determines the capacity of trees to use rainfall pulses.

5. CONCLUSION {#ece33584-sec-0016}
=============

Throughout the observation periods, Pt demonstrated higher transpiration/canopy conductance than Qv did. This can be seen as the result of different biophysiological response of the two species to water stress. Pt was more responsive to soil water stress by adopting strict stomatal control over transpiration. By contrast, Qv was more prone to adopt anisohydric water use strategy when soil water stress increased. However, the water use strategy of both species comprised access to deep‐layer water at this site, but Qv was more efficient to use surface water than Pt due to developed surface root system. The results have implications for forest management in ecologically degraded and drought‐prone areas, the selection of sustainable reforestation species, and the development of regional hydrological models.
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